Background/Aims: Emerging evidence suggests that curcumin possesses chemopreventive properties against various cancers. However, its poor bioavailability limits its clinical application. In this study, we aimed to utilize encapsulation in liposomes (Lipo) as a strategy for the clinical administration of curcumin for endometrial carcinoma (EC). Methods: Curcumin was encapsulated in a liposomal delivery system to prepare a formulation of liposomal curcumin (LC). EC cell lines Ishikawa and HEC-1 were treated with the compound and cell proliferation was measured using MTT assay. Hoechst 33258 staining assay and flow cytometry were used to detect apoptosis of the cells. Wound healing and cell invasion assays were employed to monitor cell motility. Underlying target signaling, such as NF-κB, caspases, and MMPs, were further studied via qRT-PCR and western blot. Thereafter, a zebrafish model was used to assess the toxicity of LC. Finally, a zebrafish transplantation tumor model of EC was grown and treated with LC. Tumors were monitored and harvested to study the expression of NF-κB. Results: The formation of LC was successfully developed with excellent purity and physical properties. In vitro, LC resulted in dose-dependent inhibition of proliferation, induction of apoptosis, and suppression of Ishikawa and HEC-1 cell motility. LC treatment also suppressed the activation and/or expression of NF-κB, caspase-3, and MMP-9. No demonstrable toxicity was found in the zebrafish model and tumors were suppressed after treatment with LC. PCR analysis also showed down-regulated expression of NF-κB. Conclusions: LC was successfully
Introduction
Endometrial carcinoma (EC) is one of the most common gynecological malignancies worldwide, with an estimated 61, 380 new cases (twice the sum of cervical and ovarian cancer cases) and 10, 920 deaths in the United States in 2017 [1] . In China, the incidence of EC has also increased over the past few decades, with the overall mortality rate of EC more than doubling during this period of time [2] . In large cities such as Beijing, EC has become the most common female reproductive system malignancy [3] . Despite the fact that more than 70% cases are diagnosed at an early stage, as many as 28% of patients have regional or distant metastasis [4] . Currently, the main treatment for this type of cancer is surgical resection. Meanwhile, chemotherapy supplemented by whole pelvic external beam radiotherapy is the key procedure for improving the survival rate of patients with clinical stages III/IV. Unfortunately, the prognosis is unsatisfactory, especially for patients at these stages, and the 5-year survival rate is approximately 25-45% [5] . Moreover, 15% of patients with EC exhibiting an aggressive phenotype do not benefit from any therapeutic approaches used to treat this cancer [6] . Thus, it is important to find more efficient agents for the effective management of EC.
Curcumin (diferuloylmethane), commonly known as turmeric, is derived from the rhizome of the plant Curcuma longa. Due to its remarkable nontoxic nature, curcumin, as a Chinese herbal medicine, is widely used and exhibits an extensive range of bioactivities, particularly chemopreventive and therapeutic properties against numerous tumors including bladder, cervical, lung, pancreatic, and colorectal cancers [7] . Recently, Chen et al. reported the anti-metastatic effect of curcumin against EC cancer cells in vitro [2] . However, the clinical efficacy of curcumin is extremely limited because it has poor oral bioavailability [8] , low water solubility, instability in gastrointestinal fluids and/or alkaline/higher pH conditions, and rapid systemic elimination [9] .
Various strategies have been utilized to overcome the limitations of curcumin to enable its therapeutic application, such as complexation with biodegradable microspheres, hydrogels, and polymeric nanoparticles [9, 10] . Among them, numerous studies have shown that the incorporation of curcumin into liposomes significantly increases its bioavailability [11, 12] . Liposomal curcumin (LC) therefore represents a promising drug delivery system that could overcome the pharmacokinetic and bioavailability limitations of curcumin.
In this study, we aimed to elucidate the antitumor effects and underlying mechanisms of LC against EC in vitro and in vivo.
Materials and Methods

LC preparation
Curcumin was obtained from Sigma-Aldrich (Sigma, USA). LC preparation was carried out by the protocol as described previously [12] . Briefly, the lipids and curcumin (Soybean phosphatidylcholine: cholesterol: curcumin = 2g:350mg:100mg) were thoroughly mixed in dichloromethane (200ml) and the solvent was removed. After that, 100ml phosphate-buffered saline (PBS) was added (pH 7.0) and agitated (3000rpm) at a temperature of 45°C for 40min. Finally the suspensions were disrupted by filtering through 0.4, 0.2 and 0.1um polycarbonate filters. Content determination was assayed by High-performance liquid chromatography (HPLC) according to the general principle of Chinese pharmacopoeia (2015 edition, part 4, 0512). Stock solutions were prepared by dissolving individual compounds in Methanol (standard curcumin: 10 μg/ml) and samples (standard curcumin and 1:200 diluted LC) were injected in triplicate into the HPLC (Shimadzu, LC-20AT, Japan) for detection. The isocratic condition using mobile phase composed of 48% (w/w) ace-tonitrile and 52% of 4% (w/w) glacial acetic acid solution. The injected amount onto
Real-time quantitative polymerase chain reaction assay (RT-qPCR)
We collected cells treated with various concentrations of LC for 24 hours. Total RNA was extracted using RNA simple Total RNA kit (TIANGEN BIOTECH, Beijing, China) according to the manufacturer's instructions. The concentration and quality of the RNA were measured using the UV absorbance at 260 and 280 nm (260/280 nm) on Nanodrop 2000 spectrophotometry (Thermo Scientific, USA). 500 ng of total RNA was reverse transcribed by using BuSuperScript RT Kit (Biouniquer Technology, Nanjing, China) following the manufacturer's instructions. For determination of mature mRNA expression levels, RT-qPCR was then performed on LightCycler®480 (Roche, Switzerland) with SYBR Green PCR Master Mix (Roche, Australia). Cycling parameters were set up as follows: 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s and 60 °C for 30 s.
Primers used to amplify NF-κB and β-actin were purchased from Springen Biotechnology (China). All the samples were analyzed in triplicate for each specific gene. The REST-2009 program [15] was used to calculate the relative changes in NF-κB mRNA compared with the housekeeping gene (β-actin). The primer pairs used are listed as follows: NF-κB Forward Primer (5′-3′): AAGAGTCCTTTCAGCGGACC, Reverse Primer (5′-3′): GCCCCCAGGTCTTCATCATC. β-actin Forward Primer (5′-3′): CACCTTCTACAATGAGCTGCGTGTG, Reverse Primer (5′-3′): ATAGCACAGCCTGGATAGCAACGTAC.
Western Blot Analysis
Western blot analysis to assess protein expression was performed as previously described [16] . Primary antibodies included anti-NF-κB (targeting p65), anti-Caspase-3 (targeting uncleaved and cleaved form), anti-MMP-9 (Cell Signaling Technology, USA), anti-β-actin (Proteintech, USA) and anti-histone H3 (Beyotime, China). Briefly, total proteins from cells were extracted using a radio immunoprecipitation assay (RIPA) lysis buffer [16] (Biouniquer Technology, China) referring to the manufacturer's instructions, and nuclear protein preparation was done using a nuclear extract kit according to the manufacturer's protocol (Beyotime, China) [17] . Protein content was estimated with Nanodrop 2000 spectrophotometry (Thermo Scientific, USA), and then proteins were mixed with sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) buffer (Beyotime) and boiled for 5 min. Equal amounts of proteins were separated by electrophoresis on 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Sigma, USA). After blocking in 5% non fat milk powder for 2 h, the membranes were then probed with the corresponding primary antibodies in TBST plus 5% milk overnight at 4 °C. The following day, the PVDF membranes were washed with Tween20/TBS (TBST) three times (10 min per wash) and incubated with appropriately a diluted horseradish peroxidase-linked secondary antibody at room temperature for 1 h. After washing with TBST, protein bands were visualized by enhanced chemiluminescence (ECL) plus kit (Biouniquer Technology, CO, LTD).
In vivo Analysis
Wild-type zebrafish (Danio rerio; Tubingen line) were obtained from Model Animal Research Center of Nanjing University and were kept at 28.5 °C as described previously [18] . Fertilized zebrafish eggs of the transgenic strain expressing green fluorescent protein (GFP) under the flk-1 promoter (flk-1: GFP) were used for in vivo imaging as previously described [19] . The age of the embryos is indicated as hours post fertilization (hpf). All zebrafish studies were reviewed and approved by the Institutional Animal Care and Use Committee at Nanjing University of Chinese Medicine.
Toxicity Assay
Embryos at 2 hpf were randomly distributed in 24-well plate at a density of 20 embryos/well, containing 1 mL of embryo medium per well. Zebrafish embryos at 48 hpf were treated with various concentrations (final concentration) of LC. Lipo, and 30μM (final concentration) of curcumin were used as negative (vehicle) and positive control during the assays. Embryo mortality was monitored, and any dead embryos were removed daily during the whole experiment. The length of each embryo is determined based on measurements from the anterior-most portion of the head to the tip of the tail along the body axis using a dissecting microscope (SMZ745T, Nikon, Japan). 3 days later after treatment, survival rate and body length were assessed. Each treatment was performed in triplicate. Zebrafish Tumor Model Assay Embryos were processed as described previously [19] . Briefly, EC cells were cultured in 10 cm dishes, stained with 2 mg/mL of DiI (Invitrogen) and transferred into an injection needle (0.75mm internal-and 1.0mm external-diameter). 5 nL of tumor cell solution containing approximate 200 tumor cells was injected into the perivitelline cavity of each 48hpf embryo using a microinjector (Narishige). The embryos were incubated for 1 hour at 28.5°C after the injection. All zebrafish embryos were incubated in housing-keeping water and treated with various concentrations (final concentration) of LC for 6 hours at 28.5°C Medium was renewed and kept throughout the experiment. The embryos were examined for tumorgenesis using a fluorescent microscope (Olympus) 3 dpi (day post injection, dpi) later. Total RNA was extracted from 10 treated or control embryos after homogenization, reverse transcribed, and subjected to RT-qPCR.
Statistical analysis
Numerical data were presented as the mean ± SD, and a statistical evaluation was performed using one-way ANOVA followed by Dunnett's multiple comparison to differentiate the means of different groups. R-2.14.1 for Windows (www.r-project.org) software was employed to analyze all data. A p-value of less than 0.05 was considered significant.
Results
Preparation and characterization of LC
LC was prepared following the protocols described in the Methods. Standard curcumin and LC showed chromatographic peaks at 11.835 min (Fig. 1A ) and 11.831 min (Fig. 1D) , respectively, whereas the lipids (Fig. 1B) and accessory chemical reagents (Fig. 1C) had no peaks, which implied the successful formation of LC. The formulation was further characterized by particle size and zeta potential. Photon correlation spectroscopy revealed that LC exhibited a mean particle size of approximately 126.8 nm (Fig. 1E ) with a narrow size distribution (polydispersity index, PDI = 0.057). LC was negatively charged, with a final zeta potential of -8.88 mV (Fig. 1F) . LC, curcumin solution, and liposome (from left to right) characteristics are shown in Fig. 1G .
Proliferation inhibition of LC on EC cell lines
We used human EC cell lines Ishikawa and HEC-1 to investigate the effects of LC on cell viability. Suppression of cell proliferation was assessed by MTT assays. The results showed that exposure to varying doses of LC (0-130/150 μM) for 24 h inhibited the growth of both cell lines in a concentration-dependent manner ( Fig. 2A-B) . LC concentrations varied between the two cell lines in terms of suppressing proliferation but HEC-1 cells seemed to be slightly more resilient. Based on regression fit analysis, the concentrations of LC that Once the concentrations went below these levels, the suppression of proliferation was slight. This result agrees with that of Chen et al. [2] , who demonstrated the inhibitory effect of LC on proliferation in EC cells. Thus, a concentration range of LC higher or lower than this was selected for the subsequent experiments.
Apoptosis induction activity of LC on EC cell lines
We performed two different tests to assess the effects of LC on the induction of apoptosis in EC cells. Ishikawa and HEC-1 cells were treated in the absence and presence of LC at concentrations representing IC15-20. After 24 h, the cells were stained with Hoechst 33258. Changes in cell nuclear morphology in LC-exposed cells were observed under a fluorescence microscope, and featured a marked increase in the quantity of apoptotic chromatin condensation and nuclear fragmentation ( Fig. 3B and E) .
Annexin V-FITC/PI was used to quantitatively determine the number of cells undergoing apoptosis. After LC treatment (the same concentrations of liposomes and curcumin served as negative and positive controls) for 24 h, apoptosis was induced in a dose-dependent manner in both Ishikawa and HEC-1 cell lines ( Fig. 3C and F) . As expected, liposomes did not show any significant effect on the induction of apoptosis. The apoptosis rates were 15.12% ± 0.59% and 43.25% ± 1.48%, respectively, in Ishikawa cells treated with LC IC15-20 (15 μM) and IC50 (50 μM), whereas the rates were 9.67% ± 0.79% and 38.79% ± 4.55% in HEC-1 cells treated with 30 μM and 80 μM of LC, respectively. These results indicate that LC significantly induced apoptosis in EC cells in vitro. 
LC-induced inhibition of cell motility in EC cell lines
To study the effects of LC on EC cellular motility, cell migration assays were performed for the two cell lines. Cells were treated with the respective concentrations of LC for various periods of up to 24 h. As shown in Figures 4/5A, continuous rapid migration was observed in the control groups, especially among Ishikawa cells, in which the wound was almost closed within 24 h of incubation. However, the migration of EC cells was significantly reduced following LC treatment at 5 μM and10 μM (Ishikawa cells) or 10 μM and 20 μM (HEC-1). A cell invasion assay was then performed to quantitatively determine the effect of LC on the invasiveness of EC cells. In a concentration-dependent manner, Ishikawa (Fig. 4B) and HEC-1 (Fig. 5B) 
NF-κB pathway is involved in the activity of LC on EC cells
Since the NF-κB pathway is involved in the activities of curcumin, we performed RT-PCR and western blot analysis with a view to obtaining mechanistic insights into the effects of LC on EC cells. We measured the expression levels of NF-κB and its downstream molecules at mRNA or protein levels in EC cells treated with LC. As expected, the mRNA levels of NF-κB were down-regulated in a concentration-dependent manner in both Ishikawa (from 10 μM to 50 μM, Figs. 6A-B) and HEC-1 (from 20 μM to 80 μM, Fig. 7A -B) cells treated with LC compared to untreated cells. Comparatively negative regulation of NF-κB mRNA was found but this was not significant in either cell line treated with a low concentration of LC (5 μM for Ishikawa, Fig. 6B; 10 μM for HEC-1, Fig. 7B ). More importantly, the nuclear protein level of NF-κB was accordingly down-regulated in both cell lines, in a concentration-dependent manner (from 0 μM to 50 μM for Ishikawa and from 0 μM to 80 μM for HEC-1, Fig.s . 6/7C-D). Given that NF-κB is involved in the activities of LC in EC cells, we measured the downstream protein levels involved in cell apoptosis and invasion, including caspases and matrix metalloproteinases (MMPs), by western blot. Again, the protein levels of Caspase-3 (uncleaved form) and MMP-9 were significantly reduced in both Ishikawa (Fig. 6C-D) and HEC-1 (Fig. 7C-D) cells treated with LC. At the same time, Caspase-3 protein (cleaved-form) increased significantly (Figs. 6/7C) . Thus, the results clearly indicated the role of LC in the down-regulation of proliferation, anti-apoptosis, and invasion through inhibition of the NF-κB pathways in vitro. 
Toxicity evaluation of LC in vivo
To evaluate the possible toxicity of LC, we analyzed the developmental phenotype, including survival rate and body length, of zebrafish embryos after exposure to different concentrations of LC. As shown in Fig. 8A , LC concentrations of up to 80 μM for 6 h did not cause significant embryo death. The lengths of the embryos were not affected after exposure to 80 μM LC for up to 6 h (Fig. 8B) . Putting these findings together, we considered that a 6-h treatment of LC did not have any toxic effects on zebrafish embryos; therefore, a 6-h treatment period was used in the subsequent experiments.
LC inhibited EC tumor growth in vivo via reducing NF-κB expression
To investigate the anti-tumor activities of LC in EC in vivo, Dil-labeled EC cells (Ishikawa and HEC-1) were injected into the perivitelline cavities of zebrafish embryos at 48 h postfertilization and the embryos were then treated with LC. After 72 h, LC had dramatically delayed tumor growth in zebrafish in a concentration-dependent manner (0-50 μM for Ishikawa or 0-80 μM for HEC-1; Fig. 9 ). However, zebrafish embryos treated with Lipo (negative control) had a large quantity of tumor cells in the subintestinal space and no significant inhibitory effects on tumor growth were found. Interestingly, as a positive control, Relative Expression HEC-1 curcumin (15 μM for Ishikawa or 30 μM for HEC-1; Fig. 9 ) showed significant inhibitory effects on tumor growth compared with control, but comparatively weaker effects compared with LC at the same concentration. After confirming the in vivo effects of LC, such as the inhibition of tumor growth in EC, the underlying mechanistic studies drew our attention. Given the above fact that EC tumor growth is probably dependent on the activation of NF-κB pathways, we further examined whether LC could exert any effects on the signaling pathways by RT-PCR. Consequently, we found that LC dose-dependently reduced the mRNA levels of NF-κB (0-50 μM for Ishikawa or 0-80μM for HEC-1; Fig. 10 ). Again, Lipo as a negative control had no effect on signaling. Curcumin, as the positive control (15 μM for Ishikawa or 30 μM for HEC-1; Fig. 10 ), also dramatically reduced the NF-κB mRNA level but the effect was no different from the same concentration of LC. Together the data suggested that LC delayed EC tumor growth in vivo, and this phenomenon could be associated with the NF-κB signaling pathway.
Discussion
Advanced endometrial cancer has high mortality and poor prognosis [20] , and chemoradiotherapy has limited effectiveness. A more serious problem for clinicians is that either commonly used first-line, or emerging chemotherapeutic drugs cause severe side effects and toxicity [21] , which largely limits their clinical use and efficiency. To find safer therapeutic drugs for EC, especially for long-term use, researchers have recently turned to natural anti-tumor drugs containing active plant ingredients.
Curcumin, a lipid-soluble active ingredient of curcuma in traditional Chinese medicine, has diverse pharmacological effects against inflammation, oxidation, bacteria, and tumors [22] . Because of its abundance, low cost, and availability, it has become a promising antitumor drug for further exploitation and application and has been widely applied to antitumor experiments worldwide, which have shown significant achievements in preventing the occurrence, development, and metastasis of tumors [7] . Compared with other traditional chemotherapeutic drugs, curcumin has almost no apparent toxicity or side effects, which makes it a promising anti-tumor treatment. However, it has some serious limitations, such as low water solubility and absorption, extreme instability, and rapid metabolism and degradability, which reduce its bioavailability and restrict its direct clinical application as an anti-tumor drug.
To improve the bioavailability of curcumin and to better use its anti-tumor pharmacological effects in vivo, researchers have devoted efforts to drug-loading systems in vivo. In particular, drug delivery via colloid carrier systems, including liposomes, nanoemulsions, and nanoparticles [23] , has become a pharmacological research focus. Like biomembranes, liposomes are composed of lipid membranes, including phospholipids and cholesterol. As a new drug delivery system, liposomes can significantly improve the water solubility and stability of drugs and increase their tissue compatibility and bioavailability.
The preparation and anti-tumor effects of LC have been validated in many fields, including head and neck tumors [24] , lung cancer [25] , breast cancer [10] , pancreatic cancer [11] , prostate cancer [26] , and cervical cancer [27] . However, there have not been any relevant reports on EC so far. Thus, we attempted the preparation of LC, validated its activity against EC through experiments in vitro and in vivo, and thereby laid a foundation for its clinical application.
Specifically, based on the curcumin standard substance, we prepared LC according to our previous work [12] . The initial ratio was 2 g of soy lecithin:350 mg of cholesterol:100 mg of curcumin. High-performance liquid chromatography proved the high purity and other properties of LC including particle size = 126.8 nm, zeta potential = -8.88 mV ± 5.27 mV and indicated its high water solubility and stability, required for clinical applications.
On this basis, we selected Ishikawa (high ER expression) and HEC-1 (low ER expression) EC cell lines as target cells and investigated the inhibitory effects of LC on proliferation [2] ., in that LC significantly inhibited the proliferation of both Ishikawa and HEC-1 cells, which indicated that LC completely retained the bioactive inhibitory effects of curcumin on cell proliferation in vitro.
Reports in the literature show that the anti-tumor effects of curcumin include not only the inhibition of tumor cell proliferation but also the induction of apoptosis [28] . Thus, we further tested whether LC could induce the apoptosis of EC cells. Consistent with these studies, fluorescence staining showed typical apoptotic morphological changes in the test group of both Ishikawa and HEC-1 cells. Flow apoptosis trials also indicated that, compared with the control groups, neither Ishikawa and HEC-1 cells treated with liposomes induced apoptosis in EC cells. At higher concentrations, LC more effectively induced cell apoptosis, and this was significantly different from the control group (p<0.05) but not from the sameconcentration curcumin group (positive control) (p≥0.05), indicating that LC could strongly induce the apoptosis of EC cells.
In addition to proliferation, curcumin in vitro inhibits the invasion and metastasis of EC cells [2, 29] . Therefore, we further investigated whether LC would affect the invasion and metastasis of EC cells. Both wound healing and transwell trials showed that 5-10 μM or 10-20 μM of LC could significantly inhibit the invasion and metastatic abilities of Ishikawa cells or HEC-1 cells, respectively, indicating that LC not only inhibits cell proliferation and induces cell apoptosis but also inhibits the invasive and metastatic bioactivities of EC cells.
Previous studies suggest that curcumin inhibits proliferation and induces apoptosis in various tumor cells to different extents and this may be attributed to its ability to downregulate the NF-κB signaling pathway [11, 30] . Commonly there are two general pathways of activation, classical and alternative, for NF-κB signaling. In the alternative pathway, p52/ RelB heterodimers accumulate in the nuclei. In the classical pathway, NF-κB homodimers or heterodimers, mainly including p65 and p50, accumulate in the nuclei [31] . It is known that in the resting state, standard NF-κB (p50 and/or p65 dimers) binds via non-covalent bonds to profilin IκB, forming an inactive p50-p65-IκB trimer, which is dispersed among cytoplasts. When the NF-κB pathway is activated by external signals, IκB is phosphorylated, dissociates from the trimer, and is thereby hydrolyzed, which exposes the metathesis signals on the p50 subunit and the DNA binding sites on the p65 subunit. The NF-κB p50/p65 proteins then enter the nucleus and bind with specific proteins on the DNA module, thereby inducing the formation of specific mRNA and transcription regulation [32] .
In light of these findings, we must discuss the mechanism underlying the above activities of LC. We first measured the mRNA levels of NF-κB after EC cells were treated with LC. It was found that LC significantly down-regulated the mRNA levels of NF-κB in a concentrationdependent way. Specifically, in Ishikawa cells, LC significantly downregulated the mRNA levels of NF-κB once the concentration was no less than 10 μM. However, in HEC-1 cells, a concentration of 20 μM was required. Thus, we further detected the specific protein level of nuclear NF-κB (p65). It was also found that, in both Ishikawa and HEC-1 cells, LC significantly reduced the expression of NF-κB in a concentration-dependent manner (Ishikawa, 0-50 μM; HEC-1, 0-80 μM). Previous reports have shown that by regulating the activity of NF-κB pathways, curcumin induces apoptosis and inhibits invasion and metastasis of tumor cells mainly because it affects the expression of the apoptosis pathway core molecules, that is, caspases and the invasion-metastasis key molecules, MMPs [11, 31] . Therefore, we further measured the expression of caspases and MMPs and found that in both Ishikawa and HEC-1 cells, LC significantly affected the expression of Caspase-3 and MMP-9, depending on the concentration of NF-κB protein. Thus, we believe that the effect of LC on the bioactivity of EC cells may also be attributed to its ability to negatively regulate the NF-κB pathways. Specifically, it might down-regulate mRNA and/or the nuclear protein levels of NF-κB, thereby negatively regulating the downstream core molecules, such as Caspase-3 and MMP-9.
Despite the operational simplicity and low costs of in vitro experiments, the anti-tumor effects may differ from those in vivo. Thus, in vivo experiments should also be performed. In our preliminary studies, we used the classical xenograft animal model (with SCID mice as the carrier, data not shown) as an in vivo research platform, which was finally abandoned due to high costs, long cultivation periods, and tedious operations. Owing to factors like low costs, short experimental periods (4-7 days), no evident immune system reactions, and clearly recognized transplanted-tumor cells [19] , the zebrafish model-as a developing transplantation tumor model-has attracted our attention in recent years. Based on our recent experience with in vivo toxicology and anti-tumor activity studies using the zebrafish model [18] , we finally selected this model as a platform to determine the in vivo effects of LC against EC.
To explore safety, we first applied LC (highest concentration 80 μM) to zebrafish for 0-24 h. Within 6 h, the survival rates were not significantly different between the test groups, the control group, and the positive/negative control group, and were all up to 100%. Therefore, we selected 6 h as the maximum treatment time, and further investigated the changes in zebrafish long shafts after treatment with LC. Again, no significant differences were found between the test, control, and positive/negative control groups. These results primarily indicated that LC is nontoxic and safe in zebrafish for up to 6 h of treatment.
We then transplanted EC cells into the zebrafish to generate tumor models and further investigated the inhibitory effects of LC on EC cells. The results were consistent with in vitro studies because LC inhibited EC tumor growth in a concentration-dependent manner. We finally collected the tumor cells from the zebra fish tumor models and measured the mRNA levels of NF-κB. Again, it was found that LC in vivo significantly down-regulated the mRNA levels of NF-κB in a concentration-dependent way. Therefore, we concluded that the in vivo inhibitory effects of LC on EC may also be associated with an ability to negatively regulate the activity of the NF-κB pathway.
Considering that (1) p65 was down-regulated in the NF-κB subunits after LC treatment in the current study, and (2) the p65 subunit is required for the activation of classical NF-κB signaling, it is justifiable to believe that negative regulation of NF-κB signaling was achieved at least via the classical pathway in the current study. Interestingly, compared with curcumin alone treatment, LC was not significantly different in its ability to downregulate NF-κB mRNA levels (both in vivo and in vitro), and it showed better inhibition of EC growth in vivo than in vitro, indicating that, importantly, LC plays biological roles against EC in vivo that are probably not purely through negative regulation of the NF-κB pathway, but rather through additional mechanisms that should be further explored.
In summary, LC was successfully prepared and had biological effects against EC, probably through negative regulation of the NF-κB pathway (and its downstream key molecules) in vitro and in vivo, indicating its potential therapeutic effects in the treatment of EC, which should be further explored.
